High values of the first () and second () hyperpolarizabilities were obtained for the halogenated oligomers of the three neutral forms of polyaniline (pernigraniline, emeraldine, and leucoemeraldine). For enhancement of the  and  magnitudes, the t-butyl, t-butoxy, and dimethylamine electron donor groups were introduced into various halogenated oligomers. The effect of the oligomer chain size on the  and  magnitude was also investigated by considering the aniline trimers and hexamers. The highest value of the dynamic  hyperpolarizability (1060 nm) for the second-order harmonic generation (SHG) was found for a pernigraniline hexamer containing fluorine and dimethylamine substituents. The highest  hyperpolarizability magnitudes for the third-order harmonic generation (THG) were observed for all halogenated pernigraniline hexamers containing dimethylamine as a substituent. The AM1/TDHF results show that the halogenated aniline-based molecules are promising candidates for applications in nonlinear optics.
Introduction
Polyaniline shows exceptional optical, magnetic, chemical, and physical properties, as demonstrated in several experimental and theoretical works (Sajeev et al., 2010; Machado, 2001; Fitrilawati & Tjia, 2001; Vivier, 2000; MacDiarmid, 1997; Geniès et al., 1990; Santos & Brédas, 1989) . This -conjugated polymer lends itself to application in several areas, including energy storage, rectification and reversible conductance switching, optical biosensing, electrochromism, protection against corrosion, and use in transistors devices, among others (Chandrasoma et al., 2012; Fan et al., 2011; Nemzera & Epsteina, 2010; Zhao et al., 2009; Bernard et al., 2001; Delongchamp & Hammond, 2001; Bartllet et al., 2000; Vivier, 2000; Guo et al., 1999; Kim et al., 1999; Parente et al., 1992) . Polyaniline exhibits enhanced values of the () optical second hyperpolarizability according to experimental measurements (Maciel et al., 1998; Halvorson et al., 1993; Cao et al., 1992; Osaheni et al., 1992) . In addition, polyaniline and aniline derivatives present relevant magnitudes of the () first hyperpolarizability, as has been experimentally and theoretically assessed (Costa et al., 2007; Machado & da Gama, 2005; Machado et al., 2002; Azevêdo et al., 1998) . AM1/TDHF calculations for the nonsubstituted and monosubstituted aniline oligomers containing an acceptor group attached at one end have shown a correlation between enhanced  and  hyperpolarizabilities and an increase in the size of the oligomers (Costa et al., 2007; Machado & da Gama, 2005; Machado et al., 2002) .
The dimensionality of the system, molecular asymmetry, size and nature of the linker between the donor and acceptor groups, donor-acceptor (D-A) pair electronic strength, and molecular conformation are parameters that influence the  and  magnitudes of the organic-based materials, as has been demonstrated by experimental and theoretical studies (Machado et al., 2008 (Machado et al., , 2011a Champagne & Kirtman, 2001; Kanis et al., 1994; Brédas et al., 1994) . Recently, DFT calculation for aniline showed that larger hyperpolarizabilities in quintet state than the singlet state raises the possibility of spin multiplicity control of nonlinear responses (Deshmukh et al., 2012) . Aromatic and mesoionic rings, as well as unsaturated chains, are the bridges usually used to synthesize new D-bridge-A compounds (Machado et al., 2008; Costa et al., 2007; Moura et al., 1996; Kanis et al., 1994) . The organic molecule (or bulk medium) should be noncentrosymmetric in order to have a  nonlinear response. For a  response there is no such restriction. In order to increase the magnitude of  hyperpolarizability, a lowest energy electronic absorption is needed, as predicted by models based on perturbation theory (Kanis et al., 1994) . In addition, nonlinear optical (NLO) materials should exhibit transparency and stability in the spectral range selected in order to be useful for practical applications.
In the present work, halogenated aniline derivatives are chosen to optimize the  and  nonlinear coefficients. Previous results for stilbene derivatives show an increase in  and  magnitudes when fluorine is attached to their structures (Romanielle & Lelz, 2004; Kanis et al., 1994) . Also, iodine-substituted derivatives of (2-methylnaphthyl)imido]hexamolybdate exhibit large first hyperpolarizabilities (Yan et al., 2008) . Some halogenated oligomers of the aniline neutral forms, such as leucoemeraldine, emeraldine and pernigraniline (Figure 1 ), were chosen for investigation. Fully and semi-oxidized structures are found in pernigraniline and emeraldine, respectively, whereas leucoemeraldine has a fully reduced structure. The aniline derivatives studied contain fluorine, chlorine, bromine and iodine substituents. The effect of chain size on the magnitude of the hyperpolarizabilities was addressed by considering the halogenated trimers and hexamers of the aniline. In addition, some halogenated hexamers containing a donor substituent linked at one terminal aromatic ring of the oligomers were studied in order to improve the  and  nonlinear responses. The t-butyl [-C(CH 3 ) 3 ], t-butoxy ) 3 ] and dimethylamine ) 2 ] donor groups were selected in this investigation. These groups contribute to the relevant  and  values of the aniline octamers containing the dicyanoethenyl acceptor group for the leucoemeraldine and emeraldine forms according to theoretical studies (Costa et al., 2007; Blanchard-Desce et al., 1997a , 1997b Vaschetto & Retamal, 1997) . It should be emphasized that aniline oligomers have not only a solubility in common laboratorial solvents, which is not observed in polyaniline itself, but also a crystallization (Sein et al., 2000a (Sein et al., , 2000b Jansen et al., 1999; Sein et al., 1999; Boudreaux et al., 1986) , properties required if the aniline oligomers are to be used in the manufacturing of devices.
The  and  hyperpolarizabilities of the aniline derivatives for the second-(SHG) and third-(THG) harmonic generation were calculated using the AM1/TDHF methodology (Karna & Dupuis, 1991; Dewar et al., 1985) , as implemented in the MOPAC2009 computational code (MOPAC2009). Early theoretical results utilizing the same methodology for the  hyperpolarizability of model trimers of polyaniline neutral forms are in agreement with the experimental trends observed for the polymer (Machado et al., 2002) . For the  hyperpolarizability, the least value is assigned to the leucoemeraldine, while the higher values are due to the pernigraniline and emeraldine forms. The AM1/TDHF (and PM3) method allowed for successful calculation of the  hyperpolarizability of organic molecules (Romanielle & Lelz, 2004; Moura et al., 1996) . Moreover, several nonsubstituted and substituted oligomers of aniline having the dicyanoethenyl acceptor group at the end of their structures show significant and  values according to the AM1/TDHF calculations (Costa et al., 2007; Machado et al., 2002 Machado et al., , 2005 . The results obtained demonstrate that the aniline oligomeric systems investigated are promising as second-and third-order nonlinear optical materials. In particular, the pernigraniline hexamer containing the fluorine and dimethylamine substituents show the highest  and  values among all oligomers functionalized. 
Methodology
The geometries of all aniline oligomers studied were fully optimized with the Austin Model 1 (AM1) Hamiltonian using the MOPAC2009 computational code (MOPAC2009; Dewar et al., 1985) . The values of the dynamic hyperpolarizabilities  and  for the second (SHG) and third (THG) harmonic generation, respectively, were calculated with the Time Dependent Hartree-Fock (TDHF) methodology, as implemented in MOPAC2009 (Stewart, 1996; Karna & Dupuis, 1991; Dewar et al., 1985) . The AM1/TDHF methodology satisfactorily reproduces the experimental trend of  and  hyperpolarizabilities of D-A organic molecules (Machado & da Gama, 2003; Machado et al., 2002; Machado, 2001; Moura et al., 1996) ; it also reproduces the experimental trend of  using MP2 and DFT (Machado et al., 2011b) . Applied in a large system, this method is advantageous because it is very fast compared to ab initio methods. The TDHF method accounts for the interaction of the electrons of closed shell systems with the external electrical field. A dipolar interaction Hamiltonian relative to the perturbation is introduced in the electronic part of the time-dependent Shrödinger equation. The polarization ( P  ) of a molecule under an external electromagnetic field is described in terms of an n order electric susceptibility tensor. The first order term is denoted as the  polarizability, the second order term is the first hyperpolarizability (), and the third order term is the second hyperpolarizability (). The polarization can be written in a power series of the electric field:
....
where  n is the susceptibility tensor of order n, and the electromagnetic field F  is the matrix with the components of intensity in the x, y, and z directions.
For a molecule, this equation takes the form:
where  ij ,  ijk ,  ijkl , are of the first, second, and third order tensors, respectively. The subscript terms i, j, k, and l refer to the directions x, y, and z.
The hyperpolarizabilities are computed using equations
, where H and D are the dipole moment and the density matrix, respectively. Tr is the matrix trace, and the indices a, b, c, and d refer to the directions x, y, and z. Moreover, the static values  and  were also calculated through the Coupled-Perturbed Time Dependent (CPHF) method (Dykstra & Jasien, 1984) .
The twenty-four derivatives (trimers and hexamers) of three aniline forms namely leucoemeraldine, emeraldine, and pernigraniline, were designed containing the fluorine, chlorine, bromine, and iodine substituents. First, the halogen atom was introduced in the terminal aromatic ring of the leucoemeraldine and emeraldine trimer structure (Figure 1 ). For the pernigraniline, the halogen atom was attached at the nitrogen atom of the imine group ( Figure  1 ). In the case of hexamers, the substituents are bound to the aromatic ring for all aniline forms. In addition, some hexamers containing a donor group linked at one terminal aromatic ring that has the halogen atom were modeled. The t-butyl [-C(CH 3 ) 3 ], t-butoxy [-OC(CH 3 ) 3 ], and dimethylamine [-N(CH 3 ) 2 ] donor groups were selected in the present work. The results for halogenated hexamers were compared to those obtained for the nonsubstituted hexamers. The ionization potential (IP), the ground state dipole moment (), and the HOMO-LUMO energy gap ( H-L ) were also obtained using the AM1 method.
Results and Discussion
The AM1/TDHF values of the static and dynamic  and  hyperpolarizabilities of the halogenated aniline trimers and hexamers (Figure 1 ) are shown in Tables 1-2. The dynamic  and  (SHG and THG) values were calculated at 1060 nm and 2479 nm, respectively. The values of the ground state dipole moment (), the HOMO-LUMO energy gap ( H-L ), and the ionization potential (IP) are also reported.
All of the halogenated emeraldine trimers show the highest values of the static and dynamic  hyperpolarizability among the halogenated aniline trimers and hexamers investigated (Tables 1-2 ). These trimers also present the smallest values of the  H-L (Figure 3b ) and show higher  values. The dynamic  values for the designed oligomers of pernigraniline are also significant; for leucoemeraldine, however, only the hexamers show high values of this nonlinear coefficient. The fluorinated emeraldine trimer presents the best performance relative for  among all halogenated trimers and hexamers studied (Figures 2 and 3 ). This finding shows that the redox state of the polyaniline is crucial to obtaining new second-order materials. The emeraldine state has the least HOMO-LUMO energy gap among the halogenated aniline oligomers, according to the AM1/TDHF calculations (Figure 3) L, E, and P are the leucoemeraldine, emeraldine, and pernigraniline forms respectively,  0 ( 0 ) is the static value,  1060 ( 2479 ) is the dynamic value at the 1060 nm (2479 nm),  is the ground state dipole moment,  H-L is the HOMO-LUMO energy gap and the IP is the ionization potential. L, E, and P are the leucoemeraldine, emeraldine and pernigraniline forms respectively,  0 ( 0 ) is the static value,  1060 ( 2479 ) is the dynamic value at the 1060 nm (2479 nm),  is the ground state dipole moment,  H-L is the HOMO-LUMO energy gap, and the IP is the ionization potential. (Figure 3a) . The emeraldine trimers show the highest  values, as well as the smallest  H-L gap (Figure 3b ). The optimized geometries for the emeraldine and pernigraniline trimers are planar, while for the hexamers they are not planar. Hence, the resonance contributes to the highest values observed in emeraldine and pernigraniline trimers but not for trimers and hexamers of leucoemeraldine, which are not planar.
The contribution of the dipole moment explains the smaller values of  observed for the pernigraniline trimers, since these systems present smaller values of  compared to those observed for emeraldine trimers. In addition, the halogen substituent is bound to the imine nitrogen of the quinoid ring, while for the hexamers of the same form, the substituent is attached directly to the aromatic ring, which is also the case for the leucoemeraldine and emeraldine derivatives. These electronic and structural differences result in distinct behaviors observed in the nonlinear optical properties. Moreover, according to the perturbation theory, the  magnitude depends inversely on the energy gap and directly on a difference between ground state and excited dipole moment (Champagne & Kirtman, 2001; Kanis et al., 1994) . The photophysical properties of the analyzed systems depend on the selected halogen, as can be inferred from the large range of the ground state dipole moment and HOMO-LUMO energy gap values (Tables 1-2 The  magnitudes for the halogenated oligomers of the emeraldine and pernigraniline studied are very large and have the same order magnitude for each halogen considered (Figure 4 ). It can be concluded that the redox state of the polyaniline is crucial to the development of new third-order materials. It should be noted that increasing the chain size results in the enhancement of the  magnitude for all forms of aniline (Table 2) . However, enlarging the chain size of emeraldine results in a marked decrease of the  values because of the torsions between the chain rings in this state of polyaniline, as already observed in experiments and in theoretical studies for short chain sizes of oligophenylenes and oligothiophenes (Libert et al., 1997; Cheng et al., 1991; Ledoux et al., 1991; Morley et al., 1987) . The highest  values obtained are of the same magnitude order as carotenoid, which is an important third-order material according to experimental and theoretical assessment (Machado & da Gama, 2008; Marder et al., 1997; Brédas et al., 1994) . Therefore, the synthesis of the derivatives investigated in the present work will assist experimental chemists in selecting materials with optimal performance for use in practical applications. The fundamental properties required for practical applications are transparency, high thermal and environmental stability, high threshold optical damage, and ultra-fast nonlinear responses (Sajeev et al., 2010; Champagne & Kirtman, 2001; Kanis et al., 1994; Brédas et al., 1994) . The redox state fully reduced shows that the highest  values are associated with the smallest  H-L values (Figure 4a) , while for the semi-oxidized (Figure 4b ) and fully oxidized (Figure 4c ) redox state, a behavior contrary to that observed for the leucoemeraldine form is produced. These groups contribute to the enhanced hyperpolarizabilities found for other classes of nonlinear materials theoretically and experimentally investigated (Brennand & Machado, 2010; Costa et al., 2007; Blanchard-Desce et al., 1997a , 1997b Vaschetto & Retamal, 1997) . The results of the  hyperpolarizability obtained for the halogenated hexamers having a donor group are promising for the emeraldine and pernigraniline forms (Table 3) . For the  hyperpolarizability of three neutral forms of polyaniline, relevant values for all derivatives containing a donor group are observed, as noted in Table 3 . The halogenated pernigraniline hexamers having dimethylamine group show the highest magnitudes  observed (Table 3 ) among all the systems investigated. The full geometry optimized for the system with the highest magnitudes  is shown in the Figure 6 . Hence, the introduction of the dimethylamine group contributes strongly to the increase in the  nonlinear response. As the calculations were performed at the 2479 nm frequency, we expected a considerable increase at higher frequencies due the dispersive effect. Also, the fluorinated pernigraniline hexamer substituted with the dimethylamine group exhibits the largest  value among the systems designed ( Figure 7 ). This value is of the same magnitude order as the value experimentally observed for polyaniline . These systems with highest values of  and  present very small  H-L values as observed for other nonlinear organic molecules (Costa et al., 2007 (Costa et al., , 2012 Machado et al., 2004 Machado et al., , 2011a .
For the leucoemeraldine hexamers containing the donor group, their nonlinear coefficient has the same magnitude order as noted for the emeraldine ones (Tables 3). The corresponding experimental values are higher than the AM1/TDHF values, since a minimal basis is utilized and the electronic correlation, the vibrational and solvent effect are not incorporated in this semiempirical approach (Machado & da Gama, 2003; Champagne et al., 2001 ).
The potential ionization of all oligomers designed is large, which is indicative of the high stability of this class of nonlinear optical material (Geniès et al., 1990) . scaterring (HRS) at 1060 nm, show that the pernigraniline form displays the best performance, whereas the leucoemeraldine form has a smaller value . As shown in Table 3 , the hexamer of the pernigraniline containing fluorine and dimethylamine displays the highest  value. In relation to , emeraldine presents the best perfomance; pernigraniline has an intermediary value, and leucoemeraldine exhibits the smallest magnitude (Maciel et al., 1998; Halvorson et al., 1993; Osaheni et al., 1992) . The results indicate that our selected substitution pattern effectively increases the  values of the pernigraniline and emeraldine oligomers, in agreement with experiments.
Conclusions
The very large  values obtained using the AM1/TDHF method for the pernigraline and emeraldine hexamers demonstrate promising practical applications. Increasing the oligomers chain size can contribute to enhancement of the magnitudes of the  nonlinear response. Also, the modeling performed demonstrates the potential use as nonlinear media of the substituted aniline oligomeric systems due to the enhanced values of  obtained for the halogenated emeraldine trimers, as well as for the fluorinated pernigraniline hexamer substituted with dimethylamine. There are no  and  experimental or theoretical data for these aniline oligomers; our results are the first predictions for these systems. These findings give a good direction to synthesize new aniline-based derivatives as second-and third-order nonlinear optical materials. In addition, more efficient donor groups and other substitution patterns to optimize the  and  hyperpolarizabilities should be further investigated.
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